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THE JOURNAL OF CHEMICAL PHYSICS 139, 174305 (2013) Photodissociation mechanisms of the CO 2 2+ dication studied using multi-state multiconfiguration second-order perturbation theory Employing the multi-state multiconfiguration second-order perturbation theory (MS-CASPT2) and complete active space self-consistent field (CASSCF) methods, the geometries, relative energies (T v ) to the ground state (X 3 g − ), adiabatic excited energies, and photodissociation mechanisms and corresponding kinetic energy releases for the lower-lying 14 electronic states of the CO 2 2+ ion are studied. The T v values are calculated at the experimental geometry of the ground state CO 2 molecule using MS-CASPT2 method and highly close to the latest threshold photoelectrons coincidence and time-of-flight photoelectron photoelectron coincidence spectrum observations. The Oloss dissociation potential energy curves (PECs) for these 14 states are drawn using MS-CASPT2 partial optimization method at C ∞v symmetry with one C-O bond length ranging from 1.05 to 8.0 Å. Those 
I. INTRODUCTION

CO 2
2+ , which was first discovered in 1961 1 by electron impact measurement, plays an important role in the planetary atmosphere.
2 Extensive experimental and theoretical methods have been used to study the details of this dication on its generation, 3-15 dissociation producing the CO + + O + ions [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] and reactivity. 29, 30 The main purpose of the present theoretical work is to perform a systematical study of the CO 2 2+ ion on the lower-lying 14 electronic states related to the lowest four dissociation limits and photodissociation mechanisms leading to the CO + + O + ions using the high-level multiconfiguration ab initio methods.
In 1986, Millie et al. 22 performed the configuration interaction calculations for the lower-lying 27 states of the CO 2 2+ ion and obtained their vertical ionization energies and the appearance energy of 36.7 eV. In 1995, Hogreve 31 investigated the low-lying 8 electronic states ( bozhenchen@hotmail.com respectively), and reported the appearance energy of 36.9 and 36.7 eV, respectively. They also mapped the potential energy curves (PECs) of these 8 states in the D ∞h symmetry, and those PECs all well converged to the same dissociation limit [O + ( 4 S u ) + C ( 3 P) + O + ( 4 S u )]. In 1998, Hochlaf et al. 32 calculated the vibrational levels of the three lowest electronic states (X 3 g − , a 1 g , b 1 g + ) of CO 2 2+ using the internally contracted multireference configuration interaction approach. They also reported vertical excitation energies (T v ) values and potential energy curves (PECs) for the lower-lying 14 electronic states of the CO 2 2+ ion using complete active space self-consistent field 33 (CASSCF) method. However, their T v value calculations were performed at C-O bond length of 2.30 bohrs (1.2171 Å) which is neither the exact experimental equilibrium bond length (1.1621 Å) for the ground state of CO 2 nor their calculated equilibrium bond length (1.207 Å) for the ground state of CO 2 2+ , and their PECs were plotted based on single-shot calculations with one C-O bond length fixed at 2.30 bohrs (1.2171 Å) and the other C-O bond length ranging from 2.0 to 5.0 bohrs (1.0584 to 2.6459 Å). measured the photoion photoion coincidence (PIPICO) spectrum for the CO 2 molecule, and found three dissociative electronic states of the CO 2 2+ ion at 37.9 ± 0.4, 40.5 ± 1.0, and 45.0 ± 1.0 eV (denoted as α, β, and γ states, respectively) in the 37-52 eV energy range. The total kinetic energy releases (KERs) for the CO + + O + ion pairs from the α, β, and γ states were determined to be 4.5, 6.5, and 9.4 eV, respectively. These three dissociative electronic states were more clearly assigned to the X + states by Leach. 34 In 2010, Alagia et al. 28 investigated the dissociative double photoinization of the CO 2 molecule in the 36-49 eV photon energy range using synchrotron radiation and ion-ion coincidence imaging detection, and gave the KER distributions of the CO + + O + products at selected photon energies of 39, 41, 44, and 49 eV. They suggested that there existed two kinds of dissociation mechanisms for the formation of the CO + + O + ions, one with KERs between 3 and 4 eV at the lower energy and the other with KERs between 5 and 6 eV at the higher energy. The mechanism for the former was proposed by them to be an indirect process represented as CO 2 + hv → CO + + O* + e − → CO + + O + + 2e − , but not clear for the latter.
Since the main purpose of the present work is to study the excited electronic states of CO 2 2+ , we choose multiconfiguration second-order perturbation theory (CASPT2) 35 as our main computational method. CASPT2, incorporating static and dynamic correlations, has been proven to be the effective method for theoretical studies on the excited states of molecules and molecular ions [36] [37] [38] and is especially suitable for the systems with π -electrons. 39 In order to obtain a reliable description for the PECs with multiple electronic state coupling, we used multi-state CASPT2 (MS-CASPT2) method. To the best of our knowledge, there is no theoretical study of the CO 2 2+ ion using CASPT2 and MS-CASPT2 methods in the literature.
In the present work, we have calculated the MS-CASPT2 relative energies (T v , the VIP differences between the excited states and the ground state), adiabatic excitation energies (T 0 ), and PECs for the lower-lying 14 electronic states ) correlated with the lowest-lying four dissociation limits of the CO 2 2+ ion. We have also calculated the geometries of CASSCF minimum energy crossing points (MECPs) for several selected state/state pairs, and the spin-orbit coupling values and CASPT2 energies at the located MECPs. On the basis of these calculation results, we will discuss and propose the photodissociation mechanisms of the CO 2 2+ ion and try to explain the experimental results reported by Dujardin potential energy surfaces. The MECP calculations (in the C ∞v symmetry) for the state/state pairs and spin-orbit (SO) coupling calculations at the located MECPs were performed at CASSCF level. The oscillator strength f values for state/state pairs were calculated using the CAS state interaction (CASSI) method 42, 43 at equilibrium geometries of upper states. In all the MS-CASPT2 calculations, the n + 1 roots were averaged with equal weights, and here n represents the highest root of a given spin and symmetry we calculated. The weight values of the CASSCF reference functions in the first-order wave functions are larger than 0.85. In the present work, the calculated energy differences were not corrected with zero point energies.
III. RESULTS AND DISCUSSION
A. Properties of the lower-lying 14 electronic states of CO 2
2+
In Table I As shown in Table I + are determined to be 1.186 and 1.822 eV, respectively. As shown in Table II The T v values of the CO 2 2+ ion were previously calculated by several research groups. As shown in Table I , the calculational results using CIPSI 22 and MRDCI 31 methods are both very close to MS-CASPT2 results. The discrepancies between CIPSI and MS-CASPT2 values are within 0.11 eV for the a Table II are not larger than 0.1 eV, except that of 0.29 eV for the D 3 u state. We note that the Davidson-correction is effective in reducing the discrepancies of the T 0 values (see Table II 37, 44 It is noted that a linear molecule or ion may be distorted and the wavefunction of a degenerate electronic state (such as the and states) splits into two components on bending due to the Renner-Teller effect. Although the Renner-Teller phenomenon was observed experimentally for the CO 2 + ion 45 and for the core-excited states of the CO 2 2+ ion, 46 our CASSCF frequency analysis calculations indicate that all the singlet and triplet states represent as the minima on the respective potential energy surfaces. Therefore, the Renner-Teller splits for those and states all belong to the first situation (both states have one minimum with a linear equilibrium geometry) of the scheme predicted by Pople and Longuet-Higgins. 47 Considering the Coulomb repulsion force between the O + and CO + departing fragments, it should be reasonable that the reaction systems remain the linear configurations along the dissociation path leading to the O + + CO + products.
B. Dissociation mechanisms of the CO 2 2+ ion
Direct dissociations via TSs and ACPs
As shown in Figure 1 , along PECs of the 14 electronic states, the CO 2 2+ ion can dissociates to the lowest four dissociation limits:
The energies of the asymptote products are not equal to the energies of the corresponding dissociation limits because of the repulsive Coulomb interactions. Therefore, we calculate the Coulomb interaction energies between the CO + and O + moieties in the asymptote products and compare them to the energy differences between asymptote products and corresponding dissociation limits. The equation we used is 21 The correlations between the dissociation limits and electronic states can be confirmed by Wigner-Witmer correlations, charge and spin density comparisons, and Coulomb interaction evaluation with Eq. (1). As shown in Figure 1 and Table II ) ]. According to the group theory, only two electronic states correlate to this dissociation limit. The charges at the O 1 atom in the asymptote products of the two states are +1.0004 and +1.0028 e, while the spin density values at the O 1 atom are 2.5000 (actually should being 3.0000 e based on our calculation experience) and 3.0000 e, respectively. Therefore, the dissociation products of the X . The total energies of the asymptote products of the two states are almost identical (see Figure 1) . The charge and spin density values at O 1 atom in the two asymptote products are all equal to +1.0000 and 3.0000 e, respectively, which indicate that the products Figure 1, We assume that the KER for dissociation of each bound state equals the energy difference between the highest energy barrier top and the corresponding dissociation limits, while for the repulsive state, KER value is considered to equal the VIP value minus energy of the corresponding dissociation limit. Based on this assumption, the KERs of the direct dissociation paths for the 14 states are evaluated and listed in the last column of Table II . It is noted that the KER values should be smaller than the corresponding predicted values if the formed CO + product is in the excited rovibrational state.
The PECs of the doubly charged CO 2 2+ ion are different from those of the singly charged CO 2 + ion in many aspects. Because of degeneracy of the outmost orbitals (1π u and 1π g ), the electronic state density of CO 2 2+ is larger than that of CO 2 + . According to the previous theoretical report, 38 the electronic state density of CO 2 + is about 13 states within the energy range of 12 eV above the ground state (X 2 g ), while for the CO 2 2+ ion there are about 10 states within the energy range of 5 eV above the ground state (X 3 g − ). This fact results in more difficulty for the excited state PEC calculations of CO 2 2+ than for that of CO 2 + . For the CO 2 + ion, the PECs become horizontal lines as the C-O distances increase to several Angstroms. However, for the CO 2 2+ ion the system energies decrease monotonously even if C-O 1 distances increase to 8.0 Å, and the dissociation limits cannot be reached in limited C-O 1 distances due to Coulomb repulsions between the CO + and O + ions. Therefore, many higher energy barriers are formed. Furthermore, the energies of the dissociation limits of CO 2 2+ are lower than that of the corresponding equilibrium minima, different from that of the CO 2 + ion.
Predissociations via MECPs
Different from the direct dissociation paths, the CO 2
2+
ion may predissociate via the MECPs for state/state pairs, leading to other dissociation limits. Table III shows the MECP   TABLE III . CASSCF geometries (R C-O1 /R C-O2 , in Å) and spin-orbit (SO) coupling values (in cm −1 ) of minimum energy crossing points (MECPs) for selected state/state pairs, together with MS-CASPT2 state/state energies relative to the X 3 g − state ( E/ E, in eV) at the CASSCF MECPs and kinetic energy releases (KERs, in eV). Table III are obtained on assumption that they equal to the energy differences between the MECPs and the corresponding dissociation limits. The MECP calculations for the 15 state/state pairs were performed in C ∞v symmetry, and the state/state notations for the MECPs were changed accordingly (see the third column of Table III) . At each of the located MECPs, the CASSCF energy differences between the states in the pairs are all smaller than 1.0 × 10 −4 eV, but the MS-CASPT2 energy differences are different, ranging from 0.00 to 0.68 eV (we will use the average of the MS-CASPT2 energies in discussion). As shown in Table III 
MECP
Analysis and discussion on the KERs
In the PIPICO and TOF-PEPECO experiments, the wavelength of vacuum ultraviolet (VUV) light was fixed, and the states with VIP values lower than the photon energy should appear since the ejected two photoelectrons can take away the excess energy. This statement has been confirmed by the experimental facts that lower-lying states were observed at the excitation photon energy of 48.4 eV. 26 Therefore, the CO + + O + ions can be produced simultaneously by several dissociation channels with different weights. In this section, we attempt to interpret the KER observations by Alagia et al. 28 and Dujardin and Winkoun 21 on the basis of our calculations. In the following discussion, the relative energies to the ground state of the neutral CO 2 molecule are used unless otherwise noted.
Alagia et al. 28 and Slattery et al. 26 Table II ), which is in agreement with the KER value of mechanism B (5-6 eV) reported by Alagia et al. 28 Another possible dissociation process is that the a 1 g state undergoes intersystem crossing to the X 3 g − state (at the higher excited rovibrational levels) that dissociates rapidly over its PEC. This process may release more kinetic energy than direct dissociation of the X Tables II and III) . Therefore, the CO + + O + products cannot be produced by direct dissociations and predissociations of them. In addition, the direct dissociations and predissociations of the a + ) which may also have contributions to the total KERs. However, direct dissociations of those states correlate to the fifth and higher dissociation limits and their PECs are too complex to be calculated. ) of the CO 2 2+ ion are studied using MS-CASPT2 and CASSCF methods.
The calculated AIP value of the ground state of the CO 2 2+ ion is 37.20 eV, in good agreement with the latest experimental value of 37.336 eV. The calculated T v and T 0 values are also consistent with the available experimental values.
The photodissociation mechanisms are investigated by calculating the potential energy curves (PECs), minimum energy crossing points (MECPs), and spin-orbit coupling values at the located MECPs. The PECs of the 14 electronic states, leading to the CO + + O + ions, are plotted in the C ∞V symmetry with selected C-O 1 bond length values ranging from 1.05 to 8.0 Å using MS-CASPT2 partial geometry optimization calculations. By checking the charge and spin density values on O 1 in asymptote products, comparing the C-O 2 bond lengths of asymptote products with dissociation limits, and comparing the Coulomb interaction energies of asymptote products with energy differences between asymptote products and dissociation limits, we conclude that the X 
